Cytochrome P450 (P450, CYP) enzymes are the major catalysts involved in the oxidation of steroids as well as many other compounds. Their versatility has been explained in part by flexibility of the proteins and complexity of the binding mechanisms. However, whether these proteins bind their substrates via induced fit or conformational selection is not understood. P450 17A1 has a major role in steroidogenesis, catalyzing the two-step oxidations of progesterone and pregnenolone to androstenedione and dehydroepiandrosterone, respectively, via 17␣-hydroxy (OH) intermediates. We examined the interaction of P450 17A1 with its steroid substrates by analyzing progress curves (UV-visible spectroscopy), revealing that the rates of binding of any of these substrates decreased with increasing substrate concentration, a hallmark of conformational selection. Further, when the concentration of 17␣-OH pregnenolone was held constant and the P450 concentration increased, the binding rate increased, and such opposite patterns are also diagnostic of conformational selection. Kinetic simulation modeling was also more consistent with conformational selection than with an induced-fit mechanism. Cytochrome b 5 partially enhances P450 17A1 lyase activity by altering the P450 17A1 conformation but did not measurably alter the binding of 17␣-OH pregnenolone or 17␣-OH progesterone, as judged by the apparent K d and binding kinetics. The P450 17A1 inhibitor abiraterone also bound to P450 17A1 in a multistep manner, and modeling indicated that the selective inhibition of the two P450 17A1 steps by the drug orteronel can be rationalized only by a multiple-conformation model. In conclusion, P450 17A1 binds its steroid substrates via conformational selection.
reductions of all chemicals reported to date (3) . The oxidations are accomplished by a complex catalytic cycle (4) , which usually begins with binding of the substrate to the enzyme in its ferric oxidation state. Because of the catalytic promiscuity, there has been considerable interest in the features of these enzymes that allow for such diversity of substrates and reactions, in terms of fundamental as well as practical issues.
Considerable evidence exists for multiple conformations of P450 enzymes. The well-studied bacterial model P450 cam (P450 101A1) has been shown to exist in both open and closed states, and the relevance of these in different steps in the catalytic cycle is a subject of current interest (5) (6) (7) (8) (9) . Another bacterial P450, OleP, has been recently reported to show multiple conformations in the presence of a substrate analog (10) . Mammalian P450s have also been found to exist in open, closed, and "mixed" conformational states, at least in crystal structures (11) (12) (13) (14) (15) (16) (17) . Further, P450 3A4 has been found to exist in different conformational states, depending upon the particular drug or other ligand bound to it (16 -20) .
The kinetics of binding of substrates and other ligands to P450s has also been studied, beginning with bacterial P450 cam (21) . Although substrate binding to some mammalian P450s can apparently be described by a simple two-state model (E ϩ Ŝ ES) (22, 23) , in other cases, the binding process is quite complex and clearly involves multiple steps (e.g. P450s 1A2 (24) , 3A4 (25) (26) (27) , and 17A1 (28)). Part of the ambiguity may be related to multiple occupancy with some P450s (e.g. 1A2 and 3A4 (24 -26) ). However, multiple occupancy is probably not causal for the complex kinetics in the case of binding of bromocriptine to P450 3A4 (25, 27) .
Complexity in the binding of substrates to enzymes is not unique to P450s and is widespread among enzymes (29, 30) . The matter is at the heart of considerations about catalytic selectivity of enzymes. The classic "lock-and-key" concept (31) is considered far too simple and has been largely replaced by the concepts of induced fit and conformational selection, which have their roots in concepts developed Ͼ50 years ago (32-34) (Fig. 1) . As discussed elsewhere, these two concepts are the extremes of a continuum of possible events (35, 36) , and induced fit has been considered a special case of conformational selection (37) . The case has been made that conformational selection is far more common than the induced-fit mechanism (38) , but strong evidence for induced fit in enzymes has been reported (39, 40) .
Static structural approaches cannot discern between induced-fit and conformational selection models, in that these are the thermodynamic methods, but kinetic properties are the issue. The EЈS complex (Fig. 2) can be generated from E by either of two routes, which have the same overall free energy change. In some kinetic studies with P450s (and many other enzymes), the complexity of substrate binding has probably been oversimplified, including our own (41, 42) . However, there is an inherent danger in overdeveloping kinetic schemes in that the addition of indefensible steps, often without knowledge of extinction coefficients, is not justified (43) . In this regard, we developed kinetic schemes for P450s 3A4 (25, 26) and 17A1 (28) that involved both conformational selection and induced-fit components for each. Although these could fit the spectral data reasonably well, we could not be certain which spectral events were being observed or what the relevant extinction coefficients are. Accordingly, we have now tried to discern whether induced fit or conformational selection (Figs. 1 and 2 and Scheme S1) is dominant in the binding of substrates to these enzymes, and this report is focused on several aspects of human P450 17A1.
Although the literature on the nature of substrate binding may seem complex, there are three primary and relatively straightforward approaches to discerning between dominant roles of induced-fit versus conformational selection models, beginning with kinetic traces of the progress of substrate binding at multiple reagent concentrations. Complex behavior is generally characterized by the need to use at least two exponentials to fit the traces (25) , although even single-exponential fits may be complex. (i) If plots show that the rates of binding decrease as a function of ligand concentration, then conformational selection is clearly indicated (38) . However, increases in binding rates (versus ligand concentration) are not necessarily indicative of an induced-fit mechanism (44) . (ii) When plots of rates of enzyme-ligand binding are compared by (a) using increasing concentrations of substrate and (b) using increasing concentrations of enzymes, an induced-fit mechanism will give the same plot, but these will differ for a conformational selection model (44) . (iii) Simulation approaches, employing realistic rates of diffusion-limited binding (45) , will yield credible fits for an appropriate mechanism (46) . Again, a minimal kinetic mechanism is the goal.
We utilized these approaches to study aspects of binding of substrates and other ligands (Fig. 3) to human P450 17A1. P450 17A1 hydroxylates both progesterone and pregnenolone at the 17␣ position and also cleaves two carbons from the D ring of the steroids in a so-called "lyase" reaction. We conclude that the dominant phenomenon in binding of all steroid substrates to this P450 is conformational selection.
Results

P450 17A1 and progesterone binding
Previous work from this laboratory dealt with human P450 17A1 and the binding of several steroids (28) . The data for binding pregnenolone, 17␣-OH pregnenolone, and dehydroepiandrosterone (DHEA) were best fit with a kinetic model that had both conformational selection and induced-fit mechanisms and two spectrally equivalent complexes. What was not addressed was whether a conformational selection or an induced-fit model was dominant in explaining the results. Also, whereas the work treated the ⌬ 5 steroids (i.e. pregnenolone etc.) in detail, analysis of binding of the ⌬ 4 steroids (progesterone and its oxidation products) was not considered.
We re-evaluated data obtained in that study, in the context of the general modeling plan. The raw traces for binding of progesterone could be fit to double-exponential plots (Fig. 4A) , indicative of a multistep binding process. The amplitudes of both steps could be fit to hyperbolae (results not shown). Plots of either single-exponential rates (Fig. 4B) or the two-exponential rates versus progesterone concentration showed decreases in (both the faster and slower) rates with increasing ligand concentration (Fig. 4, C and D) , a result only attributable to a conformational selection model (38, 44) . 
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Attempts to use pure induced-fit models for progesterone binding to P450 17A1 are shown in Fig. 4 , E and F, utilizing two different sets of rate constants. In Fig. 4E , the rate constants are too slow to match the initial binding traces at any progesterone concentration. With the rate constants used in Fig. 4F , fits were best at low substrate concentrations but poorer at higher ones.
A pure conformational selection model was used in Fig. 4G , which had a credible k on rate of 1.3 ϫ 10 6 M Ϫ1 s Ϫ1 (45) and reasonable fits at all progesterone concentrations. Adding an induced-fit step to the conformational selection model (and adjustment of k on to 12 ϫ 10 6 M Ϫ1 s Ϫ1 ) led to an improved fit at some progesterone concentrations but not others. Overall, the fit with this "combined" model ( Fig. 4H ) led to a slightly improved global fit over the pure conformation selection model (Fig. 4G) .
The derivations of Vogt and Di Cera (38) provide an approach to estimating k 1 and k Ϫ1 in the conformational selection model. The hyperbolic relationship for the single-exponential rates (Fig. 4C ) yields a y-intercept of ϳ2.5 s Ϫ1 (discarding the experimental data point for the 0.2 M concentration of progesterone) and an asymptote of ϳ0.75 s Ϫ1 . Using the published approach, k 1 (k r in Ref. 38) ϭ ϳ0.75, and k 1 ϩ k Ϫ1 (k Ϫr ) ϭ ϳ2.5, so that k Ϫ1 ϭ ϳ1.75 and k 1 /k Ϫ1 ϭ ϳ0.75/1.75 ϭ ϳ0.4, which compares favorably with the value of 0.9/1.2 ϭ 0.75 used independently in the modeling (Fig. 4G) . As pointed out below, these rates could be used for the binding of other steroids (Figs. S1-S5), in that the rates of equilibration of the conformations should be independent of the ligand. Further, the apparent K d for ligand binding can be predicted from a plot such as Fig. 4B (38) and gives a value of ϳ1.5 M, consistent with that estimated previously (0.47 Ϯ 0.04 M, corrected using a quadratic equation (28) 
Binding of other steroids to P450 17A1
If the conformational selection model (Figs. 1, 2 , and 4) is more relevant than an induced-fit model for P450 17A1 binding of progesterone, then the rates of conformational change should be independent of the substrate bound, with only k on and k off rate constants for ligand binding changing. This test was applied to the ⌬ 4 -steroid substrate 17␣-OH progesterone, the product androstenedione, and the ⌬ 5 steroids pregnenolone, 17␣-OH pregnenolone, and DHEA, the binding of which had been considered previously in the combined kinetic model (28) . Only the plots of single-exponential rates versus steroid concentrations are shown. The results are shown in Figs. S1-S5 for the best fits that utilize the induced-fit and conformational selection models, retaining the same rate constants for the steps of the interconversion of the two forms of unbound P450 17A1 (Fig. 4G ). (Some of the fits at the lower concentrations were considered less reliable due to sensitivity and the fact that the steroid was not in excess (e.g. with the 17␣-OH steroids).)
As in our previous report with 17␣-OH progesterone and androstenedione (28) , the fitting of all steroid binding traces required biexponential fits (Figs. S1-S5). With 17␣-OH progesterone, the rate increased and then decreased when the substrate was in excess (Fig. S1B) . The fit to an induced-fit plot (Fig.  S1C ) was inferior to that obtained with a conformational selection model (Fig. S1D) . The plots for pregnenolone binding to P450 17A1 (Fig. S2) were similar to those for 17␣-OH proges- (28) . The colors of the fitted lines match the data sets. E, induced-fit model 1, developed to balance initial rates at higher substrate concentrations:
. F, induced-fit model 2, developed to balance amplitudes at lower progesterone concentrations:
EDITORS' PICK: P450 17A1 substrate binding terone, again decreasing when the substrate was in excess (Fig.  S2B) . A better overall fit was also obtained with a conformational selection model (Fig. S2D ), although observed rates at the three highest concentrations were not as fast as predicted. Similar patterns were seen with 17␣-OH pregnenolone (Fig. S3 ) as with 17␣-OH progesterone (Fig. S1 ).
The binding rate plots of the products androstenedione and DHEA were similar (Figs. S4 and S5), with decreasing rates with increasing steroid concentration in both cases (Figs. S4B and S5B). Better fits were obtained with conformational selection models (panel D of Figs. S4 and S5) than induced-fit models (panel C of Figs. S4 and S5), although the fit was poorer at the higher substrate concentrations.
Comparison of plots of steroid binding as a function of varying concentrations of 17␣-OH pregnenolone versus P450 17A1
One of the hallmarks of a conformational selection model is decreasing rates of binding as a formation of ligand concentration (38), which we established for P450 17A1 and several steroid substrates (and products) (Fig. 4 and Figs. S1-S5). Another hallmark is differences in the dependence of rates of binding on varying both ligand and enzyme, each varied in the presence of a fixed concentration of the other component (44) . We applied this approach in the case of P450 17A1 and 17␣-OH pregnenolone (Fig. 5, A and B) . The negative and positive slopes for the two cases clearly show differing patterns (Fig. 5 , C and D), consistent only with the dominance of a conformational selection model (44) .
Influence of b 5 on steroid binding to P450 17A1
Multiple explanations for the selective stimulatory effect of b 5 on P450 17A1 lyase activity (relative to the 17␣-hydroxylation step) have been proposed (48), the main two being direct electron transfer (49, 50) and facilitation of a conformational change to favor the lyase reaction (51, 52) . We repeated the experiments done with apo-b 5 (51) in our system and found a partial stimulation (ϳ75%) of 17␣-OH progesterone lyase activity, consistent in part with both hypotheses (Fig. 6A) . We had previously shown that the presence of b 5 did not change the apparent k off rates of any of the substrates or products of P450 17A1 (28) . However, if a conformational selection model is in order for P450 17A1 (Figs. 4 and 5), then the possibility can be raised that b 5 might influence the steps involved in substrate binding (e.g. b 5 could alter the conformation of P450 17A1 to one amenable to productive steroid binding).
The binding kinetics for 17␣-OH pregnenolone and 17␣-OH progesterone to P450 17A1 were compared in the absence and presence of an equimolar concentration of b 5 (with P450 17A1) ( 
Binding of the Nile Red to P450 17A1
Nile Red is a dye, used extensively in histochemical staining, which is also a substrate for P450 3A4 (Fig. 7 ) and has been employed in biophysical studies with P450 3A4 by the Atkins laboratory (53, 55) . In agreement with the report of Faletrov et al. (54) , we found that P450 17A1 had high affinity for Nile Red
and was also a substrate for slow N-deethylation by the enzyme, with a k cat of 0.14 Ϯ 0.01 min
Ϫ1
and K m of 12 Ϯ 3 M (Fig. S6 ). The fluorescence of Nile Red increased upon binding to P450 17A1 (Fig. S7A) , presumably due to its movement from a hydrophilic environment to a more hydrophobic one. Nile Red fluorescence was more intense in the presence of P450 17A1 if the active site was occupied by abiraterone, a strong inhibitor of P450 17A1 (Fig. S7, B and C) . This result implies that Nile Red can interact with P450 17A1 inside or outside its active site, with varying fluorescence intensities.
The kinetics of binding of Nile Red to P450 17A1 were investigated using both fluorescence and absorbance changes ( Fig. 9 and Fig. S8) . A rapid increase in Nile Red fluorescence (excitation wavelength 550 nm, emission Ͼ590 nm) occurred upon mixing (Fig. 9A) . The rate of the increase was Ͼ40 s Ϫ1 at a concentration of 4 M (Fig. S8) , suggesting a binding rate constant of Ͼ10
M
Ϫ1 s Ϫ1 , and was diffusion-limited. The fluorescence decreased with a rate of ϳ10 s Ϫ1 irrespective of Nile Red concentration ( Fig. 9A and Fig. S8 ) and remained at a higher level than the starting value.
The absorbance spectra revealed a transient increase in ⌬A 390 Ϫ A 418 (type I difference spectrum) that was more pronounced with increasing concentrations of Nile Red (substrate concentrations of 2 and 50 M Nile Red shown; Fig. 9B ). The kinetic course of the increase in ⌬A 390 Ϫ A 418 was such that it began during the decrease in Nile Red fluorescence shown in Fig. 8C , with rates of ϳ10 s Ϫ1 (Fig. S8 ). The ⌬A 390 Ϫ A 418 then decreased at a rate of ϳ5 s Ϫ1 . The final value of ⌬A 390 Ϫ A 418 increased with Nile Red concentration (Fig. 8B) . Overall, the EDITORS' PICK: P450 17A1 substrate binding binding of Nile Red to P450 17A1 could be described with the scheme shown in Fig. 10 .
Kinetic modeling of selective inhibition of the two reaction steps of P450 17A1
P450 17A1 is a target for discovery and development of drugs to treat prostate cancer, and several candidates have been advanced (56 -58) . One goal has been to achieve selective inhibition of the second step, the steroid 17,20-lyase reaction, to lower androgen levels but to spare 17␣-OH progesterone for use in the biosynthesis of mineralocorticoids and glucocorticoids (59) . Selective inhibition of the second step has been reported for some drug candidates, including both enantiomers (R-and S-) of orteronel (TAK-700) (28, 56, 59, 60) . However, it should be emphasized that the degree of enantioselective inhibition of the activities appears to vary considerably, depending upon the particular assay system used and the experimental conditions (28, 56, 59, 60) .
Selective inhibition of two distinct catalytic activities of a single enzyme raises mechanistic questions, in that structural studies with P450 17A1 to date have shown a single binding site shared by all substrates and ligands (47, (61) (62) (63) , with only limited evidence for an allosteric mechanism involving a second binding site for a substrate or other small molecule (56) . This question led to modeling of the kinetics to examine the question of whether an enzyme with a single active site could show multiple IC 50 values for two reactions in the absence of conformational changes. 
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The system is shown in the scheme in Fig. 11 , with the possibility of two forms of P450 17A1 (E and EЈ) at various steps. Most of the rate constants for individual reaction steps are derived from kinetic studies reported previously (28). As noted above, the k on rates for the steroids are complex, and we utilized the apparent k off /K d values (28) for calculating a simplified k on rate for use in the modeling ( Table 1) . The k on rates of R-and S-orteronel binding to P450 17A1 were estimated from fitting of the data for the binding of P450 17A1 and orteronel (28) . Values used for k on were 6.4 and 3.0 ϫ 10 6 M Ϫ1 s Ϫ1 for the Rand S-enantiomers, respectively. The S-enantiomer has been found to be somewhat more inhibitory than the R-enantiomer (28, 56) , and we restricted the analysis to the S-enantiomer. The reported estimate of K d of 40 nM for the S-enantiomer is probably too high, in that our kinetic fitting indicated that the k off rate constant should be Ͻ0.01 s Ϫ1 (i.e. K d ϭ k off /k on Х 3 nM). Reaction modeling of the steps in Fig. 11 with the basic model of Table 1 yielded identical IC 50 values (43 nM) for both P450 17A1 reactions (Fig. 12A) . Many of the IC 50 assays have involved the lyase reaction being measured separately, so we also initiated the reaction model with 1 M 17␣-OH pregnenolone instead of (1 M) pregnenolone. Interestingly, the same IC 50 value was obtained under these conditions.
The model was expanded to include a second conformation of P450 17A1, which only formed upon the production of 17␣-OH pregnenolone (Fig. 11) , with the addition of several steps in the model (Table 1) . Some of the steps with the conformationally distinct P450 (i.e. EЈ in Fig. 11 and Table 1) were used with the same rate constants (as with E) (e.g. steps 5 (equal to step 3) and 9 (equal to step 8). To achieve separation of the IC 50 values, step 4 was altered in favor of the EЈS complex, the rate of formation of DHEA by EЈ was increased (step 7), the binding of DHEA (Q) by EЈ (step 9) was attenuated ϳ20-fold, and the affinity of EЈ for the inhibitor (I) (step 11) was increased 10-fold. Collectively, the introduction of these extra steps yielded modeled IC 50 values of 48 nM for the 17␣-hydroxylation step and 22 nM for the lyase reaction (forming DHEA, Fig. 12B ). This Ն2-fold difference is similar to that found experimentally (28, 56) . As before, separating the model to initiate the reaction with 1 M 17-OH pregnenolone instead of (1 M) pregnenolone did not lower the IC 50 (34 nM).
Some other points are worthy of note at this point. Reaction linearity is not perfect in the system beginning with pregnenolone, in that 17␣-OH pregnenolone is not an end product (Fig.  3) . However, analysis of IC 50 values at different reaction time points led to different IC 50 values (perhaps surprisingly) but did not have a major effect on the ratio of the IC 50 values for the two steps. Finally, achieving a further discrimination of the IC 50 values for the two steps may require major changes to the model, which is already complex and relies on major assumptions.
Binding of the inhibitor abiraterone to P450 17A1
Abiraterone is the only P450 17A1 inhibitor presently in clinical use and is prescribed for the treatment of castration-insensitive prostate cancer (64) . This is a steroidal inhibitor (Fig. 3) 
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its mechanism of clinical activity is complicated by its inhibition of the androgen receptor and by the activities of metabolites (65, 66) . The C17-pyridinium moiety is responsible for the observed "type II" binding spectrum seen upon binding of abiraterone to P450 17A1, due to the interaction of the pyridine nitrogen with the heme iron atom. This change was monitored at varying concentrations (Fig. 13) . The plots could be fit with biexponential values, and the fast-phase rates decreased with increasing abiraterone concentration (Fig. 13B) . The slow-phase rates also decreased with increasing abiraterone concentration (Fig. 13C) (the rates estimated at the two lowest abiraterone concentrations were not considered very reliable). The data could not be fit to an induced-fit model (Fig. 13D) .
Although the KinTek Explorer fitting of the data to the midrange concentrations of ligand is less than ideal (Fig. 13E) , overall, these results indicate that the binding of abiraterone, like other steroids (Fig. 4 and Figs. S1-S5), is more consistent with a conformational selection model than an induced-fit model.
Model 2
Discussion
The issue of the kinetic mode of steroid binding to the important enzyme P450 17A1 was addressed, particularly with regard to nature of the multistep binding indicated by multiexponential kinetics (28) . We conclude that the binding of all steroids examined can be rationalized mainly in the context of a conformational selection model (Figs. 1 and 2 ). Our conclusion is based on three lines of experimental evidence. (Fig. 5) . This is also behavior indicative of a conformational change model, as described by Gianni et al. (44) . (iii) Comparisons of fits to conformational selection and induced-fit models in KinTek Explorer software provided consistently better fits than for induced-fit models (Figs. 4 and 13 and Figs. S1-S5).
The complexity of binding of ⌬ 5 steroids to P450 17A1 was reported in a previous study from this laboratory (28) . The model used to achieve fits utilized a mixture of conformational selection and induced fit, with multiple species assigned to be responsible for the observed chromophoric change (with undetermined extinction coefficients). However, the model, although fitting the ⌬ 5 steroids reasonably well (28) , is probably too complex to prove. In the present work, simpler mechanisms were desired (i.e. "minimal" mechanisms), even if the fits were less than ideal. In the binding of progesterone (Fig. 4) , the expansion of the basic conformational model (Fig. 4 , from G to H) only yielded a slight improvement. Thus, we conclude that a conformational selection model is the most appropriate for binding of steroids to P450 17A1.
NMR evidence for the existence of multiple forms of P450 17A1 in the presence of substrates has been presented by the Scott laboratory (67), and different conformational states were seen in the X-ray crystal structures of P450 17A1 bound to the R-and S-enantiomers of orteronel (56) . The multiple structures found in the presence of a ligand indicate that multiple conformations can exist, but these provide no guidance on the path to them (Fig. 2) . The existence of multiple conformations in the presence of ligand (56, 67) is consistent with a conformational selection model, although it does not in itself prove that multiple conformations interconvert on a reasonable time scale in the absence of ligand; nor does it demonstrate that both bind substrate (Fig. 2) . No ligand-free structures of P450 17A1 have been published, and to our knowledge, no reports of conformational heterogeneity in ligand-free P450 17A1 have been reported.
We cannot rule out a role for some induced-fit contribution with our models, which we conclude are driven largely by conformational selection. The fits are less than ideal in some cases, in that a major goal of our work was to minimalize the complex- Fig. 11 and Table 1 were used to predict the rates of conversion of pregnenolone to 17␣-OH pregnenolone (ࡗ) and 17␣-OH pregnenolone to DHEA (E 
EDITORS' PICK: P450 17A1 substrate binding
ity of the binding mechanism, and we have not subjected the fitting to FitSpace analysis in KinTek Explorer (68) . The role of b 5 in the P450 17A1 reactions has been a source of debate. An electron transfer role (the "second electron" source) was first postulated based on studies with other P450s (69 -71). The second P450 17A1 reaction (i.e. the lyase activity) is stimulated more by b 5 than the 17␣-hydroxylation (72), a result we are in agreement with (28). Auchus et al. (51) reported that apo-b 5 could stimulate the lyase reaction, and Lee-Robichaud et al. (52) reported a similar enhancement with manganese-substituted b 5 . The extent to which this stimulation occurs is, however, not clear in either of these studies. The Sligar laboratory (49) reported that manganese-substituted b 5 was incapable of stimulating the lyase reaction and that b 5 was capable of being oxidized by a ferrous O 2 complex of P450 17A1 (50) . The former study has a major caveat in the very low activity reported with intact b 5 (49) . The latter result (50) may possibly be relevant to the situation in the steady-state system. We carried out studies with apo-b 5 and found partial, although not complete, stimulation of P450 17A1 (Fig. 6A) , providing some support for both previous results (i.e. partial roles for both electron transfer and conformational effects). Although we are of the opinion that b 5 -induced conformational changes are involved in b 5 stimulation, we did not find evidence for stimulation of binding of 17␣-OH pregnenolone or 17␣-OH progesterone in either thermodynamic (Fig. 6B) or kinetic (Fig. 6, C-F) experiments.
Estrada et al. (67) reported that b 5 altered the conformation of a P450 17A1-abiraterone complex (as judged by 15 N NMR changes) and that b 5 was less easily displaced from a P450 17A1-b 5 complex by the FMN domain of NADPH-P450 reductase in the presence of pregnenolone or 17␣-OH pregnenolone (73) . Recently, Ershov et al. (74) reported that the K d of the P450 17A1-b 5 complex was lowered 5-10-fold by the presence of the substrates progesterone, 17␣-OH progesterone, and pregnenolone, although the surface plasmon resonance measurements are subject to their usual caveats about surface artifacts. The changes were attributed to much faster k on rates in the presence of the steroids. Although we have not attempted such measurements in solution, in principle, tighter binding of b 5 and P450 17A1 in the presence of a steroid should be reflected in tighter binding of the steroid to P450 17A1 in the presence of b 5 in the usual thermodynamic box analysis (Fig. 2) . However, this result was not seen (Fig. 6B) , and further analysis requires determination of a P450 17A1-b 5 K d by an independent method.
A microbial P450 involved in erythromycin A biosynthesis, Saccharopolyspora erythrea CYP113A1, is monomeric and has EDITORS' PICK: P450 17A1 substrate binding been concluded to bind its substrate erythromycin D, utilizing a conformational selection mode (75) . One question that can be raised about our own work with human P450 17A1 is whether shifts in oligomeric composition could be a part of the conformational equilibrium, a point raised in the review of this manuscript. Most mammalian P450s form oligomers in solution, with or without NADPH-P450 reductase (e.g. P450s 2B1 (rat) and 2B4 (rabbit) have been reported to have "average" molecular weights of 500,000 and 300,000, respectively (76, 77) ). When we examined our P450 17A1 by size-exclusion chromatography (GE Superdex 200 column), about one-half of the enzyme eluted near standard ovalbumin (45 kDa, near the size of the P450 monomer), and the remainder eluted in two earlier regions. We conclude that P450 17A1 is not all monomeric under the conditions in which we are using it, and we cannot rule out a role of oligomerization in the conformational selection process. Others had reported that the dye Nile Red is a substrate for P450 17A1 (N-deethylation) (Fig. 7) (54) . We also observed this reaction (Fig. S6A) , which showed only marginal stimulation by b 5 (results not presented). The binding of Nile Red could be monitored by both absorbance and fluorescence measurements (Figs. 8 and 9 and Figs. S7 and S8). The kinetic scheme is interpreted in the context of Fig. 10 . The first event is the diffusion-limited binding of Nile Red somewhere on P450 17A1, where it shows increased fluorescence due to being in a more lipophilic environment. The molecule then moves to a position within the active site in which a Type I spectral shift (i.e. partial conversion of low-to high-spin iron) is observed (Figs. 8A and 9 and Fig. S6) . The process is then completed by the movement of the dye to a different position, as judged by the decrease in the high-spin iron state (Fig. 9B ), leading to a final position in which the high-spin content is still present, as judged by the steadystate titration of Nile Red binding to P450 17A1 (Fig. 8A) . This pathway is depicted in Fig. 10 .
The Nile Red pathway (Fig. 10) can be considered in the context of steroid binding to P450 17A1. We did not see clear evidence for a conformational selection process with Nile Red, although this might have been precluded by the very rapid (and transient) fluorescence increases ( Fig. 9A and Fig. S8 ) or the limited magnitude of the transient ⌬A 390 Ϫ A 418 increases (Fig.  9B) . However, it is very possible for a steroid to follow the same pathway. The initial rapid binding could be invisible in that the time frame of the ⌬A 390 Ϫ A 418 increase seen with Nile Red (Fig.  8B ) is similar to that observed with the steroids (Figs. 4A, 5A , and 6D and Figs. S1-S5). We did not observe the proposed repositioning, which we attribute the ⌬A 390 Ϫ A 418 decrease to, with any steroids. However, these may be appropriately positioned for catalysis in the initial docking into the P450 17A1 active site. Presumably, the last step in Nile Red binding (Fig.  10) positions it for N-deethylation (although we do not have specific proof).
Abiraterone is a clinically effective inhibitor of P450 17A1, and its interaction with P450 17A1 appeared to resemble that of other steroids (Fig. 13) . The structure of P450 17A1 is similar with either abiraterone (61) or the steroid substrates (62) bound to it. Both abiraterone and orteronel have been reported to selectively inhibit the lyase reaction of P450 17A1 relative to the 17␣-hydroxylation step (56, 60) , which is a desirable goal in reducing endocrinological side effects in patients being treated for prostate cancer. However, the concept of a drug molecule selectively inhibiting one reaction of an enzyme known to have an active site with only single occupancy is challenging, in that these drugs are known to occupy the same space that the substrates do in the enzyme (56, 61) . We considered kinetic models and did not find a difference in the predicted IC 50 values when only a single conformational form of P450 was included (Fig.  12A) . Selective inhibition of the lyase reaction was possible, however, if a conformational change of the enzyme was introduced after the first reaction (17␣-hydroxylation) was completed (Table 1 and Figs. 11 and 12B) . The difference in the IC 50 values for the two steps (2.5-fold) is similar to that reported for orteronel in some experimental studies (28, 56) . We obtained similar results regardless of whether IC 50 values for the lyase reaction were calculated beginning with pregnenolone or 17␣-OH pregnenolone as the initial substrate. It should be pointed out that the model presented in Table 1 and Fig. 11 is hypothetical and that more possibilities exist. Although we have not included models with multiple ligand occupancy, the possibility cannot be discounted in that Petrunak et al. (56) reported some electron density in some of their P450 17A1-orteronel structures in the region between the F/G loop and the N-terminal residues. However, the point is made that it does not seem possible to generate different IC 50 values for the two reaction steps in the absence of conformationally distinct forms of P450 17A1.
We conclude that P450 17A1 binds its steroidal substrates and analogs using a conformational selection model ( Figs. 1 and 2) , based upon multiple lines of evidence. This information is relevant to the field of mammalian P450s. However, although P450 17A1 does bind and oxidize unnatural molecules such as Nile Red (Figs. 8 and 9 and Figs. S6 -S8), the enzyme has high selectivity for a few steroids. Our conclusions about the importance of a conformational selection model over an induced fit one cannot be extended to other P450s at this time, particularly those that have broad catalytic selectivity and also show evidence of multiphasic substrate binding kinetics (e.g. P450 3A4) (25) (26) (27) .
One argument against the invocation of a conformational selection model for P450 3A4 is the diversity of rates of binding of different substrates (25) and inhibitors (26) that have been seen and would not be explained by a single E^EЈ equilibrium, as was done here for P450 17A1 (Figs. 4 and Figs. S1-S5 ). However, a conformational selection model could be considered with more than two conformational possibilities, although the complexity would probably outstrip any possibilities of proof. Some evidence for induced fit has been presented with P450 3A4 (26) , but further studies with some of the new approaches (38, 44) are in order.
Multiple conformations of P450 17A1 are also consistent with the multiplicity of products derived from both the ⌬ 4 and ⌬ 5 steroids, including the unexpected 6␤-hydroxylation of 16␣,17␣-(OH) 2 progesterone (78) . The 16␣-hydroxylation could also be the result of a conformational change, and a role of Ala-105 has been proposed on the basis of site-directed mutagenesis work (62) . These minor products, however, could be explained on the basis of rearrangements of the substrates EDITORS' PICK: P450 17A1 substrate binding within the active site, as opposed to protein conformational changes. Ideally, documenting the existence of multiple conformation of ligand-free P450 17A1 by physical methods would be in order, preferably demonstrating that one or more of these was altered by the addition of substrate. Two other points should be reiterated. One is that the conformational selection hypothesis is not restricted to only two conformations, and the possibility exists that others can be captured by other molecules (e.g. nonsteroids). Also, elements of induced fit may also exist, along with the conformational selection process. However, on the basis of the kinetic evidence we currently have available, we conclude that the binding of steroids to P450 17A1 is dominated by a conformational selection process.
Experimental procedures
Chemicals
Racemic orteronel (TAK-700) was purchased from ApexBio (Houston, TX) (catalogue no. A4326). The material was resolved into the R-and S-enantiomers using chiral HPLC (28, 56) . Nile Red was purchased from Sigma-Aldrich, and its purity was confirmed by analytical UV-visible UPLC (octadecylsilane column). Abiraterone was purchased from Selleckchem (Houston, TX) and checked by high-resolution MS (m/z observed 350.2454 (MH ϩ ), calc. 350.2498, ⌬ 6.5 ppm)). All other ligands were purchased from Sigma-Aldrich.
Enzymes
P450 17A1 (78) was expressed with a C-terminal His 6 tag and purified to near electrophoretic homogeneity as described previously. Recombinant rat NADPH-P450 reductase (79) and human b 5 (80) were expressed in Escherichia coli and purified as described. Heme was removed from b 5 to form apo-b 5 as described elsewhere (81) .
Measurements of equilibrium binding
Absorbance measurements were made with an Aminco DW2/OLIS spectrophotometer (On-Line Instrument Systems, Bogart, GA). In a 1-cm cell, either Nile Red or 17␣-OH progesterone or 17␣-OH pregnenolone was incrementally added (from a concentrated stock in C 2 H 5 OH) to 1.0 M human P450 17A1 in 100 mM potassium phosphate buffer (pH 7.4). Titrations (utilizing b 5 ) contained 1 M b 5 . Samples did not contain lipid or detergent.
Fluorescence measurements were made with an OLIS DM45 fluorimeter. The excitation wavelength was 550 nm, and the emission range of 575-700 nm was scanned. Both excitation and emission slits were set at 6.32 mm. The integration time was set at 0.25 s, and the emission was measured 90°to the excitation source. A 1 ϫ 1-cm quartz cell (Starna Cells (Atascadero, CA), catalogue no. 23-Q-10-MC) was used that contained mirrored surfaces opposite the excitation source and detector to maximize detection. Fluorescence titrations were performed using the same conditions as in the absorbance-based titrations. Titrations utilizing abiraterone contained 25 M abiraterone previously mixed with P450 17A1 prior to the addition of any Nile Red.
Catalytic assays
Steady-state catalytic assays with 17␣-OH progesterone were performed as described previously (28) , with the following specifications: 0.5 M human P450 17A1, 2 M E. coli recombinant rat NADPH-P450 reductase, 16 M L-␣-1,2,-dilauroyl-sn-glycero-3-phosphocholine (added as lipid vesicles after sonication of a 1.6 mM stock in H 2 O), 5 M 17␣-OH progesterone, and 0.5 M b 5 , apo-b 5 , or no b 5 were included in 0.5 ml of 50 mM potassium phosphate buffer (pH 7.4). Reactions were initiated with an NADPHgenerating system (10 mM glucose 6-phosphate, 0.5 mM NADP ϩ , and 2 g/ml yeast glucose-6-phosphate dehydrogenase) (82) and quenched with 2 ml of CH 2 Cl 2 after 2 min. Extracts were dissolved in 120 l of a CH 3 Steady-state catalytic assays with Nile Red were performed in a final volume of 150 l containing 0.2 M human P450 17A1, 2 M E. coli recombinant rat NADPH-P450 reductase, and 48 M L-␣-1,2,-dilauroyl-sn-glycerol-3-phosphocholine (added as lipid vesicles after sonication of a 1.6 mM stock in H 2 O) in 50 mM potassium phosphate buffer (pH 7.4). Substrate was added from a stock (in 95% C 2 H 5 OH) to yield final concentrations ranging from 0.2 to 40 M. Samples were equilibrated at 37°C for 5 min in a shaking water bath. Reactions were initiated with the addition of an NADPHgenerating system (82) . After the addition of the NADPH-generating system, samples were incubated for 5 min at 37°C in a shaking water bath. Reactions were quenched by the addition of 300 l of CH 2 Cl 2 , mixed using a vortex device, and placed on ice. Samples were then centrifuged at 2500 ϫ g for 5 min. The organic (bottom) layer (250 l) was transferred to a new container and dried under a nitrogen stream. Samples were resuspended in 150 l of a 1:1 (v/v) mixture of LC mobile phases. 10-l aliquots of each sample were injected on a Waters Acquity BEH C18 UPLC octadecylsilane (C18) column (1.0 ϫ 100 mm, 1.7 m) (Waters, Milford, MA). The mobile phase solvents used were A (95% H 2 O, 5% CH 3 CN, 0.1% HCO 2 H (v/v)) and B (99% CH 3 CN, 1% H 2 O, 0.1% HCO 2 H (v/v)) at a flow rate of 0.15 ml/min. The mobile phase linear gradient was as follows: 0 min, 100% A; 12.5 min, 0% B; 12.65 min, 100% A; 14 min, 100% A (all v/v). The retention times of Nile Red and the N-deethylation product (Fig. 7 , identified by its mass spectrum, m/z 291.2 (MH ϩ , positive electrospray)) were 9.32 and 7.82 min, respectively.
Measurement of kinetics of binding
All absorbance measurements were made in 100 mM potassium phosphate buffer (pH 7.4) using an OLIS RSM-1000 stopped-flow spectrophotometer (On-Line Instrument Systems, Bogart, GA) in the rapid scanning mode with a path length of 20 mm (20 ϫ 4-mm cell), 1.24-mm slits, and 600-line/ 500-nm gratings at 23°C. In the cases in which the P450 Soret absorbance was high (Ͼ1), a 4-mm path length cell (4 ϫ 4-mm EDITORS' PICK: P450 17A1 substrate binding cell) was used to decrease the absorbance. For collection time periods of Յ4 s, data were collected at 1000 scans/s. For time periods of Ն4 s, 62 scans/s were collected in the signal averaging mode. The wavelength range was 330 -570 nm.
For fluorescence kinetic measurements with Nile Red, the same stopped-flow instrument was used with a 4 ϫ 4-mm cell, an excitation wavelength of 550 nm, and a Ͼ590-nm emission end-on filter (Oriel, Stratford, CT) attached to the photomultiplier tube, set at a 90°angle to the incident light beam. The slits were also 1.24 mm, and the recording time was 4 s. The general measurement mode involved mixing one syringe containing 2-4 M P450 (in 100 mM potassium phosphate buffer, pH 7.4) with an equal volume of the same buffer containing varying concentrations of substrate or other ligand.
The data were converted to ⌬A max Ϫ ⌬A min files (e.g. ⌬A 390 Ϫ ⌬A 418 , depending upon the P450-ligand system) or ⌬F files and were saved as Excel files. Data from at least four individual traces were averaged using OLIS software before export. The files were corrected to ⌬A t ϭ 0 ϭ 0 and saved as txt files for direct import into KinTek Explorer.
Kinetic modeling
All work was done with KinTek Explorer software (Kintek, Snowshoe PA) using an Apple iMac OSX version 10.13.6 system and Explorer version 8.0 (46) .
The general procedure involved an initial overall analysis of a family of traces of ⌬A versus time (varying substrate concentration) with a series of single exponential fits for each. The individual rates were plotted versus the substrate concentration. This analysis was followed by a series of double-exponential fits of all traces and then plotting both rates (fast and slow phases) versus the substrate concentration.
Attempts were made to globally fit the data to either an induced-fit mode (Model 3),
where E is P450, S is substrate, ES is the initial substrate complex, EЈS is the final substrate complex, and only EЈS is observed (indicated with an asterisk), or to a conformation selection model (Model 4),
where E and EЈ are alternate conformational forms of P450 and only EЈ binds the substrate, S is the substrate, and EЈS is the only observed P450 -substrate complex (indicated with an asterisk).
More complex models included both induced-fit and conformational selection modes (Model 5) and have been used in the past with P450s 3A4 and 17A1 (25, 28) (Model 5).
In this configuration, only EЈS is observed (*), but it can be generated by either of two routes. Individual rate constants for both forward and reverse steps were adjusted manually to obtain the most general fits with the various models. In the case of the fitting of orteronel inhibition of P450 17A1 reactions, a more complex model was used, as discussed ( Fig. 10 and Table 1 ).
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